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INTRODUCTION
============

One of the corner stones of the classical description of ion channels is the uncoupling between the mechanisms of gating and the ionic conduction through the pore. A large number of structure-function studies in many channel types have supported this idea by showing that special protein structures like the S4 segments account for voltage sensing that controls channel activation and that the pore loops between S5 and S6 segments determine the ionic conduction. However, a usual concomitant outcome is that the pore structure influences the gating processes ([@bib16]). Mutations of pore residues modify the gating properties of potassium channels ([@bib33]; [@bib23]; [@bib14]; [@bib3]; [@bib26]; [@bib18]; [@bib27]; [@bib44]), sodium channels ([@bib36]; [@bib2]; [@bib38]; [@bib15]; [@bib30]; [@bib20]), and CNG channels ([@bib12]). To our knowledge, although there are a large number of studies regarding the structural determinants of ionic permeation and selectivity in high voltage--activated (HVA)[\*](#fn1){ref-type="fn"} Ca^2+^ channels ([@bib40]; [@bib25]; [@bib41]), there is only one report addressing the relationship between pore structure and gating mechanisms in these channels. [@bib42] showed that the replacement of the P-loop segments of repeats III or IV of the L-type Ca^2+^ channel with the corresponding sequence of the brain (BI-2) Ca^2+^ channel induced changes in the kinetics of macroscopic activation and inactivation.

Recently, we have studied permeation properties of the T-type Ca^2+^ channel α~1G~, in comparison with pore mutants containing aspartate-to-glutamate substitutions in the pore loops of domains III and IV (called EEED, EEDE and EEEE) ([@bib34]). We showed that the aspartate residues of the characteristic EEDD pore locus of α~1G~ control several of its conduction properties, i.e., the Ca^2+^/Ba^2+^ selectivity, the absence of anomalous mole fraction effect between Ca^2+^ and Ba^2+^, the low Cd^2+^ sensitivity and the proton block. In addition, and unexpectedly, all pore mutants showed alterations in the activation curves with respect to α~1G~, i.e., a positive shift in the voltage for half-maximal activation and an increase in the slope factor of the activation. These modifications were similar to those promoted by low extracellular pH (pH~e~) in the T-type Ca^2+^ channel α~1H~ ([@bib9]). Thus, we suggested that the alterations in the activation curves induced by the aspartate-to-glutamate mutations could be due to the enhanced proton sensitivity of the mutant channels. In the companion paper we prove that the mechanisms of proton block in the T-type Ca^2+^ channels α~1G~ and α~1H~ are qualitatively similar, and give additional evidence that the EEDD pore locus is a target for protonation. The purpose of the present experiments was to investigate the mechanism by which the structure of the selectivity filter influences the activation curve. To this end we have tested the protonation hypothesis described above against the possible modification of the activation process as a direct result of the changed structure of the selectivity filter. We found that the structure of the selectivity filter influences the gating of α~1G~ independently of proton effects. The differential gating properties of the pore mutants with respect to α~1G~ can be explained by kinetic models that predict a redistribution of the gating charges associated with each gating step and the modification of the rate of several channel transitions.

MATERIALS AND METHODS
=====================

Solutions
---------

Before current recordings, cells were rinsed with Krebs solution containing: 150 mM NaCl, 6 mM KCl, 1 mM MgCl~2~, 1.5 mM CaCl~2~, 10 mM glucose, 10 mM HEPES, and titrated to pH 7.4 with 1 N NaOH. The standard extracellular solution contained 20 mM CaCl~2~, 120 mM NMDG, 5 mM CsCl, 5 mM glucose, and 10 mM HEPES. HEPES was substituted by a mixture of MES, HEPES and TAPS (5 mM each) when studying the effect of pH~e~ to expand the buffering range from pH~e~ 5.5 to 9.1. All test solutions were titrated with HCl and were kept Mg^2+^ free to avoid extracellular Mg^2+^ block ([@bib28]). The intracellular (pipette) solution contained 102 mM CsCl, 10 mM HEPES, 5 mM MgCl~2~, 5 mM Na~2~-ATP, 10 mM TEA-Cl, 10 mM EGTA, titrated to pH 7.4 with 1 N CsOH. All chemicals were purchased from Sigma-Aldrich.

Electrophysiology
-----------------

We used human embryonic kidney cells (HEK293) transfected with the wild-type α~1G~ or the EEED and EEDE pore mutants as in previous works ([@bib32]; [@bib34]). Currents were recorded in the whole-cell configuration of the patch-clamp technique using an EPC-7 (LIST Electronics) patch-clamp amplifier and filtered with an eight-pole Bessel-filter (Kemo). For control of voltage-clamp protocols and data acquisition, we used an IBM-compatible PC with a TL-1 DMA interface (Axon Instruments, Inc.) and the software pCLAMP (Axon Instruments, Inc.). Bath solutions were perfused by gravity via a multibarreled pipette. Patch pipettes were pulled from Vitrex capillary tubes (Modulohm) using a DMZ-Universal puller (Zeitz-instruments). An Ag-AgCl wire was used as reference electrode. Adequate voltage control was achieved by using low pipette resistances (1--2.5 MΩ) and series resistance compensation to the maximum extent possible (50--70%). Membrane capacitive transients were electronically compensated and the linear background components were digitally subtracted before data analysis. Current traces were filtered at 2.5--5 kHz and digitized at 5--10 kHz. All experiments were performed at room temperature (22--25°C).

Stimulation Protocols and Data Analysis
---------------------------------------

I-V curves were obtained from the peak amplitude of currents evoked by the application 200-ms voltage steps from −90 to 60 mV. I-V curves of the EEED and the EEDE pore mutants the were fitted to: $$\documentclass[10pt]{article}
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\begin{equation*}I \left \left(V\right) \right =\frac{G \left \left(V\right) \right {\cdot} \left \left(V-V_{r}\right) \right }{1+{\mathrm{exp}} \left \left[{- \left \left(V-V_{act}\right) \right }/{s_{act}}\right] \right }{\mathrm{,}}\end{equation*}\end{document}$$where *I* is the measured peak current, *V* the step potential, *V* ~act~ the potential of half-maximal activation, *s* ~act~ the slope parameter of activation, and *G(V)* the conductance, which is voltage dependent. For the wild-type α~1G~, the steady-state activation was best described by the sum of two Boltzmann components as described in the accompanying paper, [@bib35](this issue). To account for the strong inward rectification, we have approximated *G(V)* from a fit of the amplitudes of the tail current after a depolarizing step to 100 mV in the voltage range from −70 to 110 mV for α~1G~ and from −70 to 70 mV for the pore mutants to the equation: $$\documentclass[10pt]{article}
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\begin{equation*}I_{tail} \left \left(V\right) \right =G \left \left(V\right) \right {\cdot} \left \left(V-V_{r}\right) \right {\mathrm{with}}\;G \left \left(V\right) \right =G{\cdot} \left \left(V^{2}+b{\cdot}V+c\right) \right {\mathrm{.}}\end{equation*}\end{document}$$

The average values of the fitted parameters *b* and *c* for each experimental condition were then used to fit the I-V curves to [Eq. 1](#eqn1){ref-type="disp-formula"}.

The time constants of inactivation (*τ~inac~*) were determined from single-exponential fit of the decaying phase of the current traces. Because of the relatively small amplitude of the currents through the mutant channels, the direct determination of the time constant of activation was sometimes impaired by the presence of residual capacitive transients. Thus, the time constant of activation (*τ~act~*) was estimated from the time to the peak (*t* ~p~) and *τ~inac~*, by solving iteratively the following transcendent equation, based on an *m* ^2^h model of gating: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\tau}}}_{act}={t_{p}}/{{\mathrm{ln}} \left \left(1+\displaystyle\frac{2{\mathrm{{\tau}}}_{inac}}{{\mathrm{{\tau}}}_{act}}\right) \right {\mathrm{.}}}\end{equation*}\end{document}$$

The decaying phase of the voltage dependence of *τ~act~* was fitted with an exponential function of the form: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\tau}}}_{act} \left \left(V\right) \right ={\mathrm{exp}} \left \left[{- \left \left(V-V{\mathrm{{\tau}}}_{act}\right) \right }/{ \left \left(s{\mathrm{{\tau}}}_{act}\right) \right }\right] \right +{\mathrm{{\tau}}}_{act} \left \left({\mathrm{{\infty}}}\right) \right {\mathrm{,}}\end{equation*}\end{document}$$where *s*τ*~act~* is the voltage sensitivity, *τ~act~*(∞) is the asymptotic value at positive potentials and *V*τ*~act~* is the voltage at which *τ~act~* is equal to 1 + τ~act~(∞).

Steady-state inactivation (*h* ~∞~) was determined from the peak current recorded during a 160-ms test pulse to 0 mV after a 5,120-ms lasting prepulse to potentials between −100 and −25 mV. These peak currents were normalized to that following the prepulse to −100 mV and the voltage dependence was fitted by the equation: $$\documentclass[10pt]{article}
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\begin{equation*}h_{{\mathrm{{\infty}}}} \left \left(V\right) \right =\frac{1}{1+{\mathrm{exp}} \left \left[{ \left \left(V-V_{inac}\right) \right }/{s_{inac}}\right] \right }{\mathrm{,}}\end{equation*}\end{document}$$where *V* ~inac~ is the potential of half-maximal inactivation and *s* ~inac~ the slope factor for the inactivation.

Tail currents were recorded during voltage steps between −140 and 110 mV after a 7.5-ms lasting depolarization to 100 mV. At each voltage, we determined the amplitude *I* ~tail~ and time constant of current decay *τ~decay~* from a single-exponential fit of the time course of the tail currents. *τ~decay~* corresponds to the time constant of deactivation (*τ~deac~*) at potentials negative to the activation threshold and to the time constant of the macroscopic inactivation (*τ~inac~*) at more positive potentials. The voltage dependence of *τ~decay~* can be expressed by: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\tau}}}_{decay} \left \left(V\right) \right =\frac{1}{{\mathrm{exp}} \left \left[{- \left \left(V-V{\mathrm{{\tau}}}_{deac}\right) \right }/{ \left \left(s{\mathrm{{\tau}}}_{deac}\right) \right }\right] \right +k_{OIo}}{\mathrm{,}}\end{equation*}\end{document}$$where *V* is the repolarisation potential, *V*τ*~deac~* the voltage at which *τ~deac~* is equal to 1 ms, *s*τ*~deac~* the voltage sensitivity of the time constant of deactivation, and *k* ~OIo~ is the rate constant of the transition between the open state (O) and the closest inactivated state (I~o~) (see [@bib35], in this issue, for details).

Reactivation kinetics at −100 mV were determined using a standard double pulse protocol to 0 mV. Reactivation was calculated as a function of the interpulse duration by the ratio between the current amplitude in each pulse (*I(pulse2)*/*I(pulse1)*) and was fit by a double exponential function of the form: $$\documentclass[10pt]{article}
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\begin{equation*}R \left \left(t\right) \right =1-A_{fast}{\mathrm{exp}} \left \left({-t}/{{\mathrm{{\tau}}}_{fast}}\right) \right - \left \left(1-A_{fast}\right) \right {\mathrm{exp}} \left \left({-t}/{{\mathrm{{\tau}}}_{slow}}\right) \right {\mathrm{,}}\end{equation*}\end{document}$$where *τ~slow~* and *τ~fast~* are the time constants describing slow and fast reactivation components, respectively. *A* ~fast~ is the probability for the channels to reactivate via the fast component.

In all voltage protocols the holding potential was −100 mV and the stimulation frequency 0.5 Hz, with the exception of the inactivation protocol in which it was 0.2 Hz. The data were analyzed using WinASCD (<ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/winascd.zip>; G. Droogmans, Laboratory of Physiology, KU Leuven). For all measurements, pooled data are given as mean ± SEM. We used Student\'s *t* test, taking P \< 0.05 or P \< 0.01 as the level of significance.

Data Simulation
---------------

We used MATLAB (MathWorks) to solve a Markov model for the gating of the EEED and EEDE mutants in the presence of 20 mM extracellular \[Ca^2+^\] and pH~e~ 7.4. Parameter optimization and numerical solution of the differential equations were performed with the built-in functions *fmin* and *expm*, respectively.

RESULTS
=======

Aspartate-to-glutamate Mutations in the Selectivity Filter Affect Macroscopic Kinetics of α~1G~
-----------------------------------------------------------------------------------------------

We have shown previously that exchanging the aspartate residues (D1487 and/or D1810) in the selectivity filter of α~1G~ for glutamate shifted the activation curve of the channel to more positive potentials and decreased its voltage sensitivity ([@bib34]). In this paper we extended the kinetic characterization of the EEED and the EEDE mutants in comparison with the wild-type α~1G~. The shift of the activation curve of these mutants can be noticed from the current traces shown in [Fig. 1](#fig1){ref-type="fig"} A. At pH~e~ 7.4 step depolarization to −40 mV induced a current through α~1G~ but not through the mutant channels, and maximal inward current was attained near −20 mV in α~1G~ but close to 0 mV in both mutants. Panel B shows that the times to the peak (*t* ~p~) were not significantly different between mutant channels and α~1G~. However, the time constant of macroscopic inactivation of the mutants (*τ~inac~*) were significantly larger at −30 mV but about twofold smaller at potentials between −10 and 50 mV ([Fig. 1](#fig1){ref-type="fig"} C) compared with the corresponding values of α~1G~. [Fig. 1](#fig1){ref-type="fig"} D shows that the estimated time constant of activation (*τ~act~*) was larger for both mutant channels than for α~1G~ in the voltage range from −10 to 30 mV. The fit of [Eq. 4](#eqn4){ref-type="disp-formula"} to the voltage dependence of *τ~act~* for the different channels yields that there is a significant shift to positive potentials and decreased voltage sensitivity in the mutant channels with respect to α~1G~ ([Fig. 1](#fig1){ref-type="fig"} D, inset). However, the saturating values of *τ~act~* at very positive potentials were not different among these channels: *τ~act~*(∞) was 0.53 ± 0.04 ms, 0.51 ± 0.05 ms, and 0.5 ± 0.05 ms for α~1G~ and the EEED and EEDE mutants, respectively.

![Comparison of activation and inactivation kinetics for α~1G~ and the pore mutants. (A) Current traces recorded from typical cells expressing α~1G~ or the EEED or EEDE pore mutants during voltage steps to the potentials indicated by the labels. B and C show the voltage dependences of the average time to peak (*t* ~p~) and the average time constant of macroscopic inactivation (*τ~inac~*), respectively, for α~1G~ (▪, N = 11) and the EEED (○, N = 8) and EEDE (▵, N = 6) pore mutants. Continuous lines are the voltage dependences of *t* ~p~ and *τ~inac~* predicted by the kinetic models for α~1G~ and the pore mutants (see [discussion]{.smallcaps}). (D) Estimated time constant of activation as function of test potential; solid lines are the fit of experimental data with [Eq. 4](#eqn4){ref-type="disp-formula"} from which the average *V*τ*~act~* and *s*τ*~act~* shown in the inset were obtained (α~1G~, filled bars; EEED, dashed bars; and EEDE, empty bars). The double asterisks denote significant difference from the values obtained for α~1G~ with P \< 0.01.](200308794f1){#fig1}

The Effects of Aspartate-to-glutamate Mutations in the EEDD Pore Locus on the Activation Mechanism of α~1G~ Are Not Related to the Proton Effects
-------------------------------------------------------------------------------------------------------------------------------------------------

Alterations in the activation curves of the EEED and EEDE pore mutants could be due to an enhanced effect of protons on gating caused by their increased binding of protons to the selectivity filter ([@bib34]). To test this hypothesis we compared the effects of changing the pH~e~ on the I-V curves of these mutants and α~1G~ ([Fig. 2](#fig2){ref-type="fig"} , A--C). A pH~e~ change from 9.1 to 7.4 did not affect the I-V curve of α~1G~. Acidification to pH~e~ 6.8 decreased the inward current, whereas a stronger acidification also shifted the peak inward current to more positive potentials and decreased the activation slope of the I-V curve. Both mutant channels were more sensitive to pH~e~ changes: a decrease of pH~e~ from 9.1 to 8.2 already reduced the peak inward current. However, the shift of the I-V curve and the reduction of the activation slope were only clear at pH~e~ 6.2 or below, similar to the observations from the wild-type channel. Extracellular acidification to pH 5.5 dramatically shifted the reversal potential of the EEED mutant to less positive values and allowed a robust flux of outward currents ([Fig. 2](#fig2){ref-type="fig"} B), whereas little outward current was observed in α~1G~ and the EEDE mutant.

![Effects of extracellular protons on the I-V curves of α~1G~ and the pore mutants. (A--C) I-V curves obtained from typical cells expressing α~1G~ or the EEED or the EEDE pore mutants, respectively, at different pH~e~ (9.1, ▪; 8.2, □; 7.4, ○; 6.8, ▵; 6.2, ▿; 5.5, ⋄). (D) Activation curves of α~1G~ (▪, *n* = 7), EEED (○, *n* = 8) and EEDE (▵, *n* = 6) at pH~e~ 9.1. (E and F) pH~e~ dependence of the voltage for half-maximal activation (*V* ~act~) and the slope factor of the activation (*s* ~act~), respectively (same legend as in D).](200308794f2){#fig2}

A change of pH~e~ in the range from 9.1 to 6.8 did not significantly alter the activation properties of α~1G~, while acidification below 6.2 significantly shifted the voltage for half-maximal activation (*V* ~act~) toward positive potentials and increased the slope factor (*s* ~act~) of the steepest component of the activation (see [@bib35], in this issue). If the modifications of activation in the mutant channels were due to their larger proton affinity, it would be expected the pH~e~ dependence of *V* ~act~ and *s* ~act~ were shifted along the pH~e~ axis in the alkaline direction with respect to the wild-type channel. Accordingly, the activation curves of the mutants would resemble that of α~1G~ at high pH~e~. However, this does not occur, as the difference in activation between the mutants and the wild-type channel persist at pH~e~ as high as 9.1 ([Fig. 2](#fig2){ref-type="fig"} D). Furthermore, the variations of *V* ~act~ and *s* ~act~ with pH~e~ followed the same qualitative pattern as in α~1G~ ([Fig. 2, E and F](#fig2){ref-type="fig"}). The activation curves of both mutant channels showed an ∼20-mV positive shift and more than twofold increase in *s* ~act~ with respect to α~1G~, independently from changes in pH~e~ between 9.1 and 5.5. These results indicate that the changes in the activation process of α~1G~ due to the aspartate-to-glutamate mutations are not related to proton effects on channel function, but to the modification of the structure of the selectivity filter itself. Therefore, we have also compared other gating properties of the pore mutants and α~1G~. Given that the pH~e~ effects in α~1G~ and the mutant channels were similar at all pH~e~ values, all further experiments were conducted at pH~e~ 7.4.

Steady-state Inactivation of α~1G~ and the Pore Mutants
-------------------------------------------------------

Because T-type channel inactivation is coupled to the activation process ([@bib10]; [@bib7]), it was interesting to test whether the modifications in activation kinetics induced by the mutations in the selectivity filter were accompanied by changes in steady-state inactivation. [Fig. 3](#fig3){ref-type="fig"} A shows typical current traces recorded when applying the inactivation protocol to cells expressing α~1G~ or the mutant channels. Comparison of average inactivation curves shown in [Fig. 3](#fig3){ref-type="fig"} B indicate that the aspartate-to-glutamate mutations induced some changes in the steady-state inactivation of α~1G~. The voltage for half-maximal inactivation (*V* ~inac~) was not different between α~1G~ (−52.4 ± 1.2 mV), the EEED mutant (−54.2 ± 0.7 mV), and the EEDE mutant (−50.2 ± 1.0 mV) ([Fig. 6](#fig6){ref-type="fig"} A). The slope factor (*s* ~inac~) was significantly different from that of wild-type (3.8 ± 0.2 mV) in both EEED (5.96 ± 0.16 mV, P \< 0.01) and EEDE (4.76 ± 0.15, P \< 0.01) mutants ([Fig. 6](#fig6){ref-type="fig"} B).

![Voltage dependence of steady-state inactivation of α~1G~ and the pore mutants. (A) Typical current traces recorded during the application of the steady-state inactivation protocol in cells expressing α~1G~ or the EEED or EEDE pore mutants. The dotted traces correspond to the prepulse to −50 mV. Average voltage dependence of the steady-state inactivation of α~1G~ (▪, *n* = 6), EEED (○, *n* = 5) and EEDE (▵, *n* = 10). Continuous lines are the inactivation curves calculated from [Eq. 5](#eqn5){ref-type="disp-formula"} using the average values of *V* ~inac~ and *s* ~inac~ determined for each channels type.](200308794f3){#fig3}

Kinetics of Deactivation and Macroscopic Inactivation Are Faster in the EEED and EEDE Mutants
---------------------------------------------------------------------------------------------

In the accompanying paper we demonstrated that deactivation of the EEED mutant is faster than that of α~1G~ at pH~e~ values of 9.1 and 6.2. In this work we extend this comparison to the EEDE mutant at pH~e~ 7.4. [Fig. 4](#fig4){ref-type="fig"} A shows typical tail current traces through α~1G~ and both pore mutants, recorded during the repolarization to −80 or 0 mV after a 7.5-ms lasting prepulse to 100 mV. The decay of the tail currents, which were clearly faster in the mutants than in the wild-type channel, could always be described by a single exponential function. [Fig. 4](#fig4){ref-type="fig"} B shows the voltage dependence of the average time constant of current decay (*τ~decay~*) as a function of the repolarization potential for the various channels. At potentials negative to the activation threshold, *τ~decay~* corresponds to the time constant of deactivation *τ~deac~*, which was clearly smaller for the pore mutants than for α~1G~ in the voltage range studied. The fit of the experimental data with [Eq. 6](#eqn6){ref-type="disp-formula"} allows determining the properties of the voltage dependence of *τ~deac~*. The value of voltage at which *τ~deac~* was equal to 1 ms (*V*τ*~deac~*) was used as an index for the position along the voltage axis and was −95.5 ± 1.4 mV and −90.1 ± 1.6 mV for the EEED and the EEDE, respectively, which are less negative than the value −116 ± 2 mV for α~1G~ ([Fig. 6](#fig6){ref-type="fig"} C). In addition, the voltage sensitivity of the deactivation was significantly smaller for the EEED (*s*τ*~deac~* = 35.6 ± 1.4 mV, P \< 0.01) and the EEDE mutant (*s*τ*~deac~* = 35.5 ± 1.5 mV, P \< 0.01), than for α~1G~ (*s*τ*~deac~* = 24.0 ± 0.6 mV) ([Fig. 6](#fig6){ref-type="fig"} D). At potentials around the activation threshold the decay of tail currents is determined by both deactivation and inactivation processes. Interestingly, the faster decay of tail currents in the mutants compared with the wild-type in the voltage range from −10 to 50 mV is in line with the faster macroscopic inactivation during step depolarizations ([Fig. 1](#fig1){ref-type="fig"} C). Note that the differences in the rate of the tail current decay tend to disappear at very positive potentials.

![Aspartate-to-glutamate mutations in the selectivity filter of α~1G~ induced faster deactivation kinetics. (A) Typical tail current traces recorded at −80 mV (left) or at 0 mV (right) from cells expressing α~1G~ or the EEED or EEDE mutant channels. (B) Voltage dependence of average time constant of the decay (*τ~decay~*) of tail currents recorded after 7.5-ms depolarization to 100 mV for α~1G~ (▪, *n* = 14) and the EEED (○, *n* = 11) and EEDE (▵, *n* = 12) mutants. Continuous lines are functions of the form of [Eq. 6](#eqn6){ref-type="disp-formula"} calculated using the average values of *V*τ*~deac~* and *s*τ*~deac~* determined for each channel type.](200308794f4){#fig4}

Aspartate-to-glutamate Mutations Induce Changes in the Reactivation Kinetics
----------------------------------------------------------------------------

Given that the aspartate-to-glutamate mutations induced changes in the inactivation properties, it was interesting to examine if kinetics of the recovery from inactivation were altered as well by these pore mutations. [Fig. 5](#fig5){ref-type="fig"} A shows current traces elicited by the application of the reactivation protocol in three cells expressing α~1G~ or the pore mutants. Average reactivation curves for each channel type are shown in [Fig. 5](#fig5){ref-type="fig"} B. Both pore mutants displayed a slower recovery for short repolarization periods but a faster recovery for intervals \>200 ms. To characterize the reactivation kinetics we fitted the experimental data with [Eq. 7](#eqn7){ref-type="disp-formula"}, which yielded two time constants (*τ~fast~* and *τ~slow~*) and the fraction of reactivation (*A* ~fast~) that occurs via the fast process. *τ~fast~* was larger in both mutant channels (*τ~fast~* = 150 ± 11 ms and 132 ± 10 ms for EEED and EEDE, respectively), accounting for their slower reactivation for short reactivation periods compared with α~1G~ (*τ~fast~* = 70 ± 3 ms). However, *τ~slow~* was not significantly altered by the pore mutations ([Fig. 6](#fig6){ref-type="fig"} E). The faster reactivation in the mutant channels for long repolarization periods is accounted for by the larger fraction of recovery that occurs through the fast process in the mutants; *A* ~fast~ = 0.83 ± 0.08 and 0.66 ± 0.05, for EEED and EEDE, respectively, compared with 0.46 ± 0.01 for the wild-type channel ([Fig. 6](#fig6){ref-type="fig"} F).

![Reactivation kinetics of α~1G~ and the pore mutants. (A) current traces recorded during the application of the reactivation protocol to typical cells expressing α~1G~ or the EEED or EEDE pore mutants. (B) Average reactivation curves of α~1G~ (▪, *n* = 6) and the EEED (○, *n* = 8) and EEDE (▵, *n* = 8) mutants. Continuous lines are the fit of the experimental points to [Eq. 7](#eqn7){ref-type="disp-formula"}.](200308794f5){#fig5}

![Summary of gating properties of the EEED and EEDE mutants compared with the α~1G~ channel. (A) Average voltage for half-maximal inactivation (*V* ~inac~). (B) Slope factor of the voltage dependence of the steady-state inactivation (*s* ~inac~). (C) Voltage at which *τ~deac~* is equal to 1 ms (*V*τ*~deac~*). (D) Voltage sensitivity of the time constant of deactivation (s*τ~deac~*). (E) Average fast (*τ~fast~*, dashed bars) and slow (*τ~slow~*, empty bars) time constants of recovery from inactivation. (F) Probability for the channels to reactivate via the fast component, *A* ~fast~. (\*\*), denote significant difference respect to the values obtained for the wild-type α~1G~ with P \< 0.01.](200308794f6){#fig6}

DISCUSSION
==========

The segregation of the ionic permeation from the gating processes is a comfortable hypothesis in the analysis of ionic channel function. It allows the description of ionic currents as the multiplication of the parameters describing the state of the channel gates by the amplitude of the single channel current ([@bib16]). Although special structures determine the gating or the conduction properties of the channels (e.g., S4 segments and P-loops), recent studies involving the mutation of residues in the pore loops of several types of ion channels suggest that ionic transport and pore structure are related to the gating mechanisms (see [introduction]{.smallcaps}). This work presents the first analysis of the gating alterations induced by the modification of the pore structure of T-type Ca^2+^ channels.

The Modification of the Activation Curve by Mutations in the Selectivity Filter Is Not Related to Channel Protonation
---------------------------------------------------------------------------------------------------------------------

We have shown previously that at pH~e~ 7.4, the mutation of the pore residues D1487 and D1810 for glutamate induce a positive shift in the voltage for half-maximal activation and an increase in the slope factor of the activation of the T-type channel α~1G~ ([@bib34]). It could be hypothesized that these modifications are due to an increased proton sensitivity of the mutants, such that at pH~e~ 7.4 these channels undergo proton-induced modifications in channel gating ([@bib39]; [@bib9]), which can only be observed at lower pH~e~ values in the wild-type α~1G~. We tested this hypothesis by comparing the effects of extracellular protons on the activation properties of α~1G~ and the EEED and EEDE pore mutants. Although there are marked differences in the voltage of half-maximal activation (*V* ~act~) and the slope factor (*s* ~act~) between the mutants and α~1G~, the pH~e~ dependency of these parameters in range from 9.1 to 5.5 is similar for the wild-type and the mutated channels. These results indicate that the differences in the activation properties of the pore mutants are not related to channel protonation and that the proton effects on T-type channel activation are not controlled by the protonation of the selectivity filter.

Possible Mechanisms of Gating Modification by Alterations in the Pore Structure
-------------------------------------------------------------------------------

The alteration of gating properties by mutations in the pore may result from the modification of the substrate for ions that modulate channel gating. Evidence from Shaker K^+^ channels indicates that K^+^ permeation, TEA^+^ block and pore mutations that alter selectivity for K^+^ influence the C-type inactivation, which consists in a constriction of the outer mouth of the pore ([@bib43]; [@bib18]). Similarly, the reduction of the extracellular concentration of permeant ions decreases the open probability of cardiac Na^+^ channels at positive potentials, with this effect being susceptible to mutations in the selectivity filter ([@bib37]; [@bib38]).

[@bib31] showed that the type and concentration of the permeant ion affect the mean open time of the T-type Ca^2+^ channel in mouse neuroblastoma cells and proposed a relationship between the ion permeation rate and the local dielectric permeability affecting the voltage sensing. They hypothesized that ion-specific interactions with the selectivity filter are the basis of the particular kinetic modulation by each permeant ion and suggested that channel closure involves a narrowing of the selectivity filter. However, we find some limitations in the interpretation given by these authors since they did not address how important factors like the screening of surface charges or proton effects could contribute to the diverse gating properties observed in the presence of different permeant ions. Recently, [@bib1] proposed that T-type channel reopening after strong depolarizing prepulses depends on a Na^+^-Ca^2+^ competition for intrapore binding sites. In addition, we have obtained evidence that the speed of macroscopic inactivation depends on whether Ca^2+^ or Ba^2+^ is the charge carrier ([@bib19]; [@bib32]) and that Ca^2+^ modulates the gating of the T-type Ca^2+^ channel α~1G~ by counteracting proton effects on activation ([@bib35], in this issue).

Both EEED and EEDE mutants show a decreased Ca^2+^/monovalent cation selectivity with respect to α~1G~, as apparent from the reversal potentials. Thus, it could be envisaged that the modification of the activation properties in the mutant channels are due to the decrease of the Ca^2+^ permeation. However, this is in contrast with the fact that when proton modulation is avoided, the voltage sensitivity of the activation of α~1G~ is not Ca^2+^ dependent and is larger than that of the pore mutants ([@bib35], in this issue, and present results). The aspartate-to-glutamate mutations induced a decrease in the voltage sensitivity of the time constant of deactivation. Yet, the changes in extracellular proton, Ca^2+^ or Na^+^ concentrations do not modify this parameter in α~1G~ ([@bib35], in this issue). In summary, this evidence suggests that the gating changes induced by the aspartate-to-glutamate mutations are not related to the modification of pore occupancy but to the change of the selectivity filter structure itself.

Modification of Channel Kinetics Induced by the Aspartate-to-glutamate Mutations. Mechanistic Insights from Kinetic Modeling
----------------------------------------------------------------------------------------------------------------------------

The study of changes of specific gating transitions induced by the alteration of the structure of the selectivity filter may allow unraveling the role of pore structures in the gating process. To quantitatively account for these gating modifications we developed a kinetic model for each mutant in comparison to that obtained for the wild-type channel in the accompanying paper (pH~e~ 7.4 and 20 mM \[Ca^2+^\]~e~). [Fig. 7](#fig7){ref-type="fig"} A shows the kinetic scheme of the Markov model used. 13 out of the 20 rate constants defining the model are markedly (more than twofold) different in the mutants respect to the wild-type ([Table I](#tbl1){ref-type="table"}) , reflecting that the mutation of D1487 or D1810 to glutamate altered basically all gating properties of α~1G~.

![Simulation of the gating of α~1G~ and the EEED and EEDE pore mutants. (A) Markov model used to describe the gating properties of the wild-type and both pore mutants. The thick arrows represent voltage-dependent transitions and the dotted arrows denote the transitions that are significantly different in the mutants with respect to α~1G~. (B) predicted time course of the open probability of α~1G~ and the EEDE mutant during voltage steps in the range of −60 to 90 mV from a holding potential of −100 mV. The asterisks denote that the EEDE mutant shows faster macroscopic inactivation than the wild type in the voltage range from −10 to 50 mV. The same occurred for the EEED mutant ([Fig. 1](#fig1){ref-type="fig"} C). C--F show the fit of average activation, steady-state inactivation, voltage dependence of *τ~decay~* and reactivation curves, respectively, for α~1G~ (▪) and the EEED (○) and EEDE (▵) pore mutants. The inset in E shows simulated tail currents corresponding to repolarization potentials of −80 (continuous lines) or 0 mV (dashed lines) for α~1G~ (thick lines) and EEDE (thin lines) pore mutant.](200308794f7){#fig7}

###### 

Model Parameters Optimized to Fit the Experimental Data Obtained for α~1G~ and the EEED and EEDE Pore Mutants at pH~e~ 7.4 in 20 mM \[Ca^2+^\]~e~

  Parameter          Value           Parameter       Value                                                              
  ------------------ --------------- --------------- --------------- ------------------ --------------- --------------- ---------------
  q~1~               1.22            0.343           0.392           δ~1~               0.819           0.0115          9.90 × 10^−3^
  q~2~               4.95            5.36            5.31            δ~2~               0.128           0.598           0.607
  q~3~               0.980           1.40            1.38            δ~3~               0               0               0
  K~C1C2~            2.85            1.51            1.81            K~C2C1~            1.11            36.1            35.0
  K~C2C3~            17.9            50.3            53.8            K~C3C2~            0.105           0.320           0.359
  k~C3O~ = k~I3Io~   2.35            2.30            2.30            K~OC3~ = K~IoI3~   9.66 × 10^−3^   0.0684          0.0762
  K~I1I2~            0.0240          1.93 × 10^−3^   1.10 × 10^−3^   K~I2I1~            4.35 × 10^−3^   8.02 × 10^−4^   8.23 × 10^−4^
  K~I2I3~            0.573           1.72            1.52            K~I3I2~            2.50 × 10^−5^   2.60 × 10^−5^   2.80 × 10^−5^
  k~C1I1~            9.93 × 10^−4^   1.98 × 10^−4^   3.12 × 10^−4^   k~I1C1~            3.31 × 10^−4^   1.98 × 10^−4^   3.12 × 10^−4^
  k~C2I2~            0.0120          0.210           0.104           k~I2C2~            1.86 × 10^−3^   3.65 × 10^−3^   4.00 × 10^−3^
  k~C3I3~            0.0900          50.1            50.1            k~I3C3~            1.04 × 10^−4^   2.07 × 10^−3^   5.34 × 10^−3^
  k~OIo~             0.0900          0.105           0.105           k~IoO~             1.04 × 10^−4^   4.34 × 10^−6^   1.12 × 10^−6^

Both mutant channels show a positive shift and an increase in the slope factor of the voltage dependence of the time constant of activation (*τ~act~*) with respect to α~1G~, in accordance with the changes observed in the activation curve. However, the asymptotic value of *τ~act~* at positive potentials did not differ between these channels, indicating that initial transitions between closed states, but not the transition to the open state from the immediate closed state of the activation pathway, are affected by the aspartate-to-glutamate mutations. Accordingly, the predicted values for *k* ~C3O~ and *k* ~I3Io~ are very similar for the three channels. The modification of the activation properties by mutations in the selectivity filter may arise from alterations in the mechanism of voltage sensing and/or in the coupling of the movement of voltage sensor and the channel gates as it has been shown that S4 segments may interact with pore domains in HERG ([@bib13]) and Shaker K^+^ channels ([@bib22]; [@bib11]). The results of the kinetic modeling indicate that several voltage-dependent rate constants of the activation pathway are modified by the mutations. Notably, the model predicts that a fraction of the gating charge associated with the first box (*q* ~1~) in α~1G~ moves during the transitions in the second and third boxes in the mutant channels, keeping the total gating charge constant (∼7.1). Interestingly, the coupling of the local electric potential sensed by *q* ~1~ with the membrane potential (*δ~1~*) is smaller in the mutant channels with respect to that of the wild-type. In contrast, *δ~2~* is larger in the pore mutants than in α~1G~. The invariance of the total gating charge is consistent with the fact that the pore mutations are not likely to alter the total size of the gating charge, but to change its movement during voltage sensing. These results also strengthen the idea that gating differences between the pore mutants and α~1G~ are not due to differential proton affinities, since the simulation of the gating modifications due to channel protonation predict a reduction of the total gating charge ([@bib35], in this issue). [Fig. 7, B and C](#fig7){ref-type="fig"}, show that the models accurately reproduce the distinctive activation properties of the mutant channels: less negative potential for half-maximal activation and smaller voltage sensitivity than α~1G~. The maximal open probability (P~Omax~) is predicted to be ∼10-fold smaller in the mutant channels when compared with that of the wild-type.

The mutation of the aspartate residues did not affect the voltage of half-maximal inactivation, but reduced significantly the voltage sensitivity of the steady-state inactivation. Considering that the macroscopic inactivation is coupled to channel activation ([@bib10]; [@bib7]; [@bib29]; [@bib6]), it is reasonable to think that the modification of the voltage dependence of the steady-state inactivation arises from the slowing of initial steps of the activation. As shown in [Fig. 7](#fig7){ref-type="fig"} D the kinetic models give an appropriate description of the experimental data.

Interestingly, the time constant of the macroscopic inactivation (*τ~inac~*) is nearly halved in the mutant channels with respect to the wild-type in the voltage range from −10 to 50 mV, contrary to what would be expected from a slowing of initial steps of channel activation and the activation-inactivation coupling. This apparent contradiction is solved when considering the effects of the mutations on the deactivation kinetics. The macroscopic inactivation is the result of the transitions from the open state (O) to the inactivated state (I~O~, strict inactivation), and to the adjacent noninactivated closed state preceding the open state in the activation pathway (C~3~, strict deactivation). The differences in *τ~inac~* between the mutant channels and α~1G~ tend to disappear at very positive potentials ([Fig. 4](#fig4){ref-type="fig"} and Fig. 12 of [@bib35], in this issue), indicating that the transition between the open state and the inactivated state is not significantly altered by the pore mutations. Thus, the drastic increase in the rate of deactivation in both mutant channels should account for the increase in the rate of the macroscopic inactivation of these channels with respect to α~1G~. As shown in [Fig. 7](#fig7){ref-type="fig"} E, the models accurately predict that the decay of the tail currents is indeed faster for the mutant channels in the voltage range from the activation threshold to ∼50 mV. This is reflected in an increase of the rate of macroscopic inactivation of the mutants in this voltage range, as noted by the asterisks in [Fig. 7](#fig7){ref-type="fig"} B and clearly observed in [Fig. 1](#fig1){ref-type="fig"} C. It should be stressed, however, that given the direct description of the voltage dependence of *τ~decay~* by [Eq. 6](#eqn6){ref-type="disp-formula"}, an accurate description of *τ~decay~* in the mutant channels is only obtained when the rate constant *k* ~C3I3~ is much larger for the mutant channels than for α~1G~ (see [Table I](#tbl1){ref-type="table"}). This condition ensures a low probability of state C~3~ (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps} in the accompanying paper, [@bib35], in this issue).

It has been shown that pore loops are flexible and able to undergo measurable motions during the gating of sodium ([@bib5], [@bib4]), potassium ([@bib45], [@bib46]; [@bib43]; [@bib18]) and calcium channels ([@bib8]). [@bib27] found that mutations within the P-loop altered the intraburst kinetics of ATP-sensitive potassium channel and suggested that the selectivity filter constitutes a fast gate of this channel. Thus, the fact that the substitution of D1487 and D1810 of α~1G~ by a larger amino acid increase of the closing rate suggests that the selectivity filter forms part of a gate controlling the lifetime of the open state.

The recovery from inactivation was also altered by the aspartate-to-glutamate mutations. The reactivation of T-type Ca^2+^ channels is rather complex and consists of at least two exponential components. T-type channel reactivation has been shown to be preceded by the deactivation ([@bib21]; [@bib6]). So, it is tempting to explain the increased probability of reactivation via the fast component in the mutant channels by the increased deactivation rate with respect to α~1G~. However, this is not a plausible interpretation since the differences in the course of reactivation of the pore mutants with respect to α~1G~ are demonstrated at a potential (−100 mV) at which the speed of the reactivation is saturated and no longer voltage dependent ([@bib6]). Alternatively, aspartate-to-glutamate mutations might modify the interactions between the P-loops and S6 segments that had been shown to control the reactivation of α~1G~ ([@bib24]). Model simulations indicate that many parameters influence the time course of reactivation ([Fig. 7](#fig7){ref-type="fig"} F), and that the main difference between the pore mutants is given by the variations of *q* ~1~ and *k* ~C1I1~.

General Remarks
---------------

The present work is the first addressing the modifications of T-type channel gating by mutations in the selectivity filter. We show that modification of the side chain of residues 1487 and 1810 in the P-loops of domains III and IV, respectively, induces dramatic changes in the activation and deactivation processes of the T-type Ca^2+^ channel subunit α~1G~, with the consequent modification of the coupled processes of inactivation and recovery from inactivation. The fact that the EEED and the EEDE mutants partially mimic the structure of the selectivity filter of HVA Ca^2+^ channels raises the question of a possible correlation between some of the gating properties of voltage-dependent Ca^2+^ channels with their pore structure. Notably, all T-type Ca^2+^ channels, which show the characteristic low-voltage threshold of activation and slow deactivation kinetics, have an EEDD pore locus, in contrast with the conserved EEEE pore locus of the fast-deactivating HVA Ca^2+^ channels ([@bib17]). Although large efforts have been devoted to the study of the conduction properties of many pore mutants of HVA Ca^2+^ channels, very little or nothing is known about possible gating modifications in these mutants with respect to the wild-type parents. Thus, it would be very interesting to address this point in order to achieve a better understanding of the structure-function relationship in other voltage-dependent Ca^2+^ channels.
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